DExD/H-box proteins are ubiquitously involved in RNA-mediated processes and use ATP to accelerate conformational changes in RNA. However, their mechanisms of action, and what determines which RNA species are targeted, are not well understood. Here we show that the DExD/H-box protein CYT-19, a general RNA chaperone, mediates ATP-dependent unfolding of both the native conformation and a long-lived misfolded conformation of a group I catalytic RNA with efficiencies that depend on the stabilities of the RNA species but not on specific structural features. CYT-19 then allows the RNA to refold, changing the distribution from equilibrium to kinetic control. Because misfolding is favoured kinetically, conditions that allow unfolding of the native RNA yield large increases in the population of misfolded species. Our results suggest that DExD/H-box proteins act with sufficient breadth and efficiency to allow structured RNAs to populate a wider range of conformations than would be present at equilibrium. Thus, RNAs may face selective pressure to stabilize their active conformations relative to inactive ones to avoid significant redistribution by DExD/H-box proteins. Conversely, RNAs whose functions depend on forming multiple conformations may rely on DExD/H-box proteins to increase the populations of less stable conformations, thereby increasing their overall efficiencies.
All organisms encode a host of RNAs that must fold into functional structures and undergo extensive conformational transitions as they mediate essential cellular processes, including translation and, in eukaryotes, pre-mRNA processing and the maintenance of chromosome ends. Essentially all processes that are mediated by structured RNAs also require DExD/H-box proteins, which use cycles of ATP binding and hydrolysis to accelerate conformational changes in RNA 1,2 . Although they are related to DNA helicases 3 , and some viral DExD/H-box proteins possess at least modest canonical RNA or DNA helicase activity [4] [5] [6] , many DExD/H-box proteins display very low activity in conventional helicase assays and are poorly processive, properties that are consistent with roles in disrupting local structural elements rather than unwinding long helices 2, 7 . There has been much progress in using short model duplex RNAs and RNA-protein complexes to reveal the basic capabilities of DExD/ H-box proteins [8] [9] [10] [11] . However, relatively little is known at the molecular level about how DExD/H-box proteins interact with structured RNAs to mediate conformational changes, and what determines which RNAs, and which of their conformations, are targeted for action. Whereas many DExD/H-box proteins are thought to function in the context of a defined RNA or RNA-protein complex, some proteins of the largest subfamily, namely DEAD-box, function as general RNA chaperones by interacting less discriminately with structured RNAs to promote their folding 12, 13 . This latter group includes the Neurospora crassa CYT-19 protein, which is required for the efficient splicing of several mitochondrial group I introns and can facilitate the folding of a diverse set of group I and group II introns in vitro or when expressed in Saccharomyces cerevisiae [12] [13] [14] . These systems are valuable experimentally because the relatively simple group I RNAs are likely to provide insight into the mechanisms of DExD/H-box proteins in more complex systems. A potentially useful candidate for detailed mechanistic studies of CYT-19 is the ribozyme derived from a group I intron of Tetrahymena thermophila, because its folding has been extensively characterized in vitro [15] [16] [17] [18] [19] . Further, because it folds preferentially to a long-lived misfolded conformation that then slowly refolds to the native structure [20] [21] [22] [23] [24] , it is possible to generate populations of either predominantly native or predominantly misfolded ribozyme. Using a quantitative assay for ribozyme catalytic activity, we showed previously that CYT-19 interacts with the misfolded ribozyme, giving ATP-dependent refolding to the catalytically active, native state 25, 26 . Because the misfolded ribozyme is extensively structured, including all five long-range native tertiary contacts, and must unfold substantially to reach the native state 27 , CYT-19 apparently accelerates this folding reaction by promoting partial unfolding of the misfolded ribozyme.
Redistribution of native and misfolded RNA Here we probe the mechanism of CYT-19 action by exploring whether it recognizes structural features that are specific to the misfolded conformer or whether it can also mediate unfolding of the native ribozyme. We added CYT-19 and ATP to a preparation of ribozyme that was prefolded to the native state (Fig. 1a) . At various times thereafter, we inactivated CYT-19 by adding proteinase K and increasing the Mg 21 concentration. We then determined the fraction of ribozyme present in the native conformation, without interference from CYT-19 ( Supplementary Fig. 1) , by measuring the fraction of added oligonucleotide substrate (CCCUCUA 5 ) that was rapidly cleaved by the ribozyme 25 . Our previous work showed that the substrate binds the native and misfolded species with similar rate constants but is cleaved only by the native ribozyme 22 , so that a burst of product is obtained, with the amplitude indicating the fraction of native ribozyme (Fig. 1b) . This burst is followed by a slower phase of product accumulation, which reflects dissociation of the substrate from the misfolded ribozyme and subsequent binding and cleavage by the native ribozyme 22, 25 . As expected, no net unfolding was observed under conditions shown previously to give complete accumulation of native ribozyme (5 mM Mg (1 mM Mg 21 ), the fraction of native ribozyme decreased on addition of high concentrations of CYT-19, indicating that CYT-19 can also unfold the native ribozyme ( Fig. 1b-d ; a subsequent slow increase reflects time-dependent inactivation of CYT-19 and inhibition by accumulating ADP (data not shown)). The reaction was dependent on ATP, because its omission or replacement with ADP or AMP-PNP (b-c-imidoadenosine 59-phosphate) gave only low levels of residual activity (Fig. 1c, d , and data not shown; higher concentrations of CYT-19 (not shown) gave significant ATP-independent activity, presumably reflecting passive 'strand capture' 28 ). The ribozyme ultimately reached an apparent steady state between the native and alternative conformers, which was dependent on CYT-19 concentration (Fig. 1d) . The observed rate constant for steady-state formation increased modestly with CYT-19 concentration, giving an efficiency of less than 10 5 M 21 min 21 . The same steady-state distribution was obtained whether starting from a population of predominantly native or misfolded ribozyme (Fig. 1e) , indicating that the entire ribozyme population is subject to the action of CYT-19.
Additional insight into the action of CYT-19 on the native ribozyme and the nature of the steady-state redistribution came from the finding that the decrease in native ribozyme was accompanied by formation of the previously characterized misfolded conformer. On inactivation of CYT-19 by proteinase K, the native ribozyme accumulated with the same rate constant as that for refolding from the long-lived misfolded species, and gave the same dependences on Mg 21 and urea concentrations ( Fig. 1f and Supplementary Fig. 2 ), indicating that a large population of the misfolded conformer was either formed during the CYT-19 reaction or immediately on its inactivation. These observations suggested a simple model in which CYT-19 partly unfolds both the native and misfolded ribozyme species, giving intermediates that subsequently fold along the same pathway that predominates in the absence of CYT-19. This pathway includes a late commitment point for folding from a trapped intermediate (I trap ) to the native and misfolded species, with preferential partitioning to the misfolded species 18, 22 (Scheme 1). This kinetic preference could allow the misfolded species to accumulate despite having a lower stability than the native species.
Unfolding efficiency depends on RNA stability To explore this model further, we were interested in identifying features of the ribozyme that affect the efficiency of unfolding by CYT-19. Although CYT-19 is able to act on the native ribozyme, the efficiency is estimated to be at least 50-fold lower than for the misfolded ribozyme ( Fig. 1d and ref. 25) . This difference raised the possibility that CYT-19 derives specificity from structural features of the misfolded species, but an alternative possibility was that the native ribozyme is unfolded less efficiently because it is more stable 22, 29 . We therefore examined two ribozyme variants with decreased native stability (Fig. 2) . First, we found that the native species of a ribozyme variant with a disrupted tertiary contact between the P4 helix and an A-rich internal loop in the peripheral helix P5a 27, 30 was unfolded efficiently by CYT-19 even at 5 mM Mg 21 ( Fig. 3a and Supplementary Fig. 3 ), conditions that do not give detectable unfolding of the wild-type ribozyme. Again, the reaction was dependent on ATP ( Supplementary Fig. 4 ) and, for a given CYT-19 concentration, the same steady state was reached when starting from populations of predominantly native or misfolded ribozyme (Fig. 3b) . To test the model that CYT-19 produces intermediates that subsequently fold along the pathway that predominates in its absence, we compared the unfolding reactions with kinetic simulations (curves in Fig. 3b ). The data were well described by using the experimental value for CYT-19-mediated unfolding of the native species and values for subsequent folding that were determined in the absence of CYT-19 ( Supplementary Figs 5 and 6 ). Thus, CYT-19 apparently gives partial unfolding of the native and misfolded species and then allows the unfolded intermediates to fold again without significant interference in the latter process.
Next we examined a ribozyme variant with the entire P5abc peripheral element deleted (E DP5abc ; Fig. 2 ) 31 . This ribozyme populates the native and misfolded species nearly equally at equilibrium 29 , leading to the prediction that the two species would be unfolded with comparable efficiency. CYT-19 acted readily on the native ribozyme to decrease the fraction of native species (1.4 3 10 6 M 21 min 21 ; Fig. 3c, d) . However, when starting from a population of misfolded ribozyme, net refolding was not observed; instead, a steady state was reached with the fraction of native ribozyme being approximately (Fig. 3c) . This behaviour supports the model: if the native and misfolded species are rapidly unfolded with nearly equal efficiencies, even at modest CYT-19 concentrations the relative populations will be determined by the kinetic partitioning that occurs between them during folding. Nevertheless, the lack of native ribozyme accumulation prevented a determination of the efficiency of CYT-19 for unfolding the misfolded ribozyme.
We circumvented this limitation by including a small excess of the group I intron-binding protein CYT-18 (ref. (Fig. 3d) . This value is about double that for unfolding of the native E DP5abc ribozyme, similar to the equilibrium value of 1. 4 (ref. 29) . Thus, the relative stabilities of the native and misfolded species seem to have a central function in determining their efficiencies of unfolding by CYT-19, although we cannot exclude the possibility that the region of the ribozyme near P5abc is the preferred site of action by CYT-19 and that it is the local stability of this region, rather than the global RNA stability, that governs CYT-19 efficiency. Again, kinetic simulation of the approaches to a steady-state mixture of native and misfolded ribozyme (Fig. 3c) 
Model for kinetic redistribution by CYT-19
All of the results are consistent with the model shown in Fig. 4 . CYT-19 unfolds both the native and misfolded species, with efficiencies that depend on their relative stabilities, and then allows folding to proceed along the same pathway that dominates in its absence 22 . This generates an ATP-dependent steady state in which the misfolded species, and presumably earlier folding intermediates, are populated to much greater extents than at equilibrium because their formation is favoured kinetically during folding. It is intriguing that CYT-19 does not seem to affect subsequent folding of the ribozyme even though folding proceeds through intermediates that are, by definition, less stable than the native and misfolded species. Most probably, CYT-19 transiently unfolds these intermediates also, but the unfolding is not observed because the same intermediates are readily re-formed. Physical studies, probably at the single-molecule level, will be necessary to explore the intermediates that result directly from CYT-19 action.
It was proposed before the discovery of RNA chaperones that proteins might be required to accelerate the formation of the most stable conformations of RNA by facilitating transitions that require unfolding 35, 36 , and these general ideas were made more specific a decade later in a model in which CYT-19 actively unfolds misfolded group I RNAs, allowing them multiple chances to fold properly 37 . Whereas it was assumed for simplicity that the native species would be impervious to further chaperone action and would therefore accumulate, here we find that CYT-19 can have the opposite effect, decreasing the fraction of native ribozyme even though it is the most stable species. The mechanism of CYT-19 action is presumably the same as proposed earlier, but because it acts on both native and misfolded species it changes the distribution from equilibrium to kinetic control, allowing an increased population of intermediates that can form rapidly, even if they are less stable.
Implications for structured RNAs
Our results suggest that, in vivo, DExD/H-box proteins can act with sufficient breadth and efficiency to allow structured RNAs to Figure 2 | Secondary structure, long-range tertiary contacts, and mutations of the Tetrahymena ribozyme. The five long-range tertiary contacts are indicated with red arrows. In the P5abc deletion variant (E
DP5abc
), the region shown in yellow is deleted, and nucleotides 126 and 196 are directly connected (thick grey line above yellow region). In the P5a mutant, nucleotides 183-188 (shaded cyan) are each changed to uridine 27 . This mutation disrupts the tertiary contact indicated by the black X.
populate a wider range of conformations than would be present at equilibrium. This redistribution of intermediates is analogous to an effect demonstrated for DEAD-box proteins by using model RNA duplexes of varying stability 11 , and it is reasonable to imagine that depletion of the native state, rather than accumulation, is a general issue for RNA 38 . Indeed, simultaneous expression of an unrelated RNA chaperone protein and any of several mutant group I RNAs with decreased thermostability decreased their self-splicing activity in vivo, presumably because the chaperone unfolded the native RNAs 39 . The underlying reason for this behaviour is probably that RNA chaperones are unable to distinguish unambiguously between native and misfolded RNAs. Although an analogous challenge exists for protein chaperones, they can achieve a strong bias towards interacting productively with misfolded species by recognizing exposed hydrophobic surfaces 40 . In contrast, native and misfolded RNAs can be highly similar in global structure and perhaps identical on their surfaces 27 . Thus, RNAs that are required to populate one native structure may face selective pressure to minimize the extent to which their native structures are disrupted by DExD/H-box chaperones. Presumably, one important strategy is to 'hyper-stabilize' the native structures relative to alternative structures, beyond the level necessary simply to ensure their accumulation at equilibrium. Such an effect may contribute to the observation that the native state of the wild-type Tetrahymena ribozyme is about 6 kcal mol 21 more stable than the misfolded conformation under standard in vitro conditions 29 , because this large energy gap results in the unfolding of the native species by CYT-19 so infrequently in comparison with the misfolded species that the kinetic preference for misfolding is overcome, and CYT-19 action yields an accumulation of the native state 25 . For many RNAs, proteins that associate to form functional complexes also presumably contribute to this energy gap.
There may be additional strategies available to structured RNAs to minimize the action of DExD/H-box proteins on their native states.
CYT-19 is strongly biased towards unwinding a duplex when it is unable to form tertiary contacts with the body of the Tetrahymena ribozyme 25 , suggesting that tight packing of a native structured RNA would direct CYT-19 to interact more efficiently with extended or loosely packed misfolded structures. The quality control protein Ro selectively binds single-stranded ends of structured RNAs 41 ; native RNAs can therefore presumably evade its action by protecting their ends. A further strategy, available for certain RNAs, is for the native structure to undergo a rapid and irreversible process, such as selfsplicing, allowing mass action to drive the equilibrium towards the native form even if it is efficiently unfolded by chaperones.
Last, the ability of DExD/H-box proteins to increase the relative populations of less stable RNA structures is also likely to present opportunities for a broad range of RNAs whose functions require the formation of multiple structures. A striking example is the spliceosome, which relies on several DExD/H-box proteins to facilitate conformational changes during its reaction cycle 42, 43 . Some of these transitions are likely to be thermodynamically unfavourable, as exemplified by the required separation of the extensively basepaired U4 and U6 small nuclear RNAs, and the action of DExD/Hbox proteins may be necessary to prevent the more stable complex from dominating the steady-state population. MicroRNAs, which regulate gene expression by forming base-paired complexes with mRNA targets, may also use the action of chaperones to increase the sampling of alternative complexes, allowing a broader spectrum of physiological targets than would be expected from the relative stabilities of the target complexes 44 . This action of DExD/H-box proteins may also assist in the evolution of structured RNAs by allowing them to sample alternative structures, some of which could fortuitously possess beneficial activities 45 and would then be subject to further selection for stability and activity.
METHODS SUMMARY
Materials. Ribozymes were transcribed in vitro and purified with a Qiagen RNeasy column as described 25 . Oligonucleotide substrate (CCCUCUA 5 ; Dharmacon Research) was 59 end-labelled with [c- 32 P]ATP by using T4 polynucleotide kinase and purified by non-denaturing PAGE 46 . CYT-19 was expressed and purified essentially as described 26 . Activity assay to monitor CYT-19-mediated unfolding. The fraction of native ribozyme was determined by monitoring substrate cleavage activity (Fig. 1a) 25 . For reactions monitoring unfolding of the native ribozyme, the ribozyme was prefolded to the native state in the presence of 10 mM Mg 21 (50 uC, 30 min). For reactions monitoring the unfolding of misfolded ribozyme and subsequent refolding to the native state, the ribozyme was incubated briefly with Mg 21 (5-10 min at 25 uC) to trap the misfolded species 22 . For all reactions, unfolding was initiated by the addition of CYT-19 in the presence of Mg 21 ATP (2 mM unless indicated otherwise). At various times thereafter, aliquots were quenched for further CYT-19 action by adding 1 mg ml 21 Proteinase K and 50 mM MgCl 2 (ref. 25) . To allow subsequent determination of the native fraction by activity, this quench solution included 500 mM guanosine, and for reactions of the E DP5abc ribozyme it included 250 nM P5abc RNA (ref. 47) . After incubation for a further 5-30 min, enough time for partly folded intermediates to complete folding predominantly to the misfolded state, but not long enough for significant refolding of misfolded ribozyme to the native state 22, 27 , the fraction of native ribozyme was determined by adding trace 32 P-labelled substrate and measuring the fraction cleaved rapidly in a burst (Fig. 1b) 22, 27 . To determine the fraction of native ribozyme, burst amplitudes were divided by 0.80-0.85 to correct for a small fraction of inactive and presumably damaged ribozyme (15-20%; ref. 29) . Error estimates. Each experiment was performed at least twice. Variability between duplicates was typically 30-50% (Figs 1d and 3d , and Supplementary  Fig. 3 ). In some cases, differences of up to threefold were observed between duplicate experiments performed with different preparations of CYT-19. Supplementary Fig. 3 ), or for 'direct' native state formation (black; (1) indicates 0.4 min 21 ; Supplementary Fig. 5 ). The wild-type ribozyme behaves similarly at low Mg 21 concentration, but at higher Mg 21 concentration the native species is sufficiently stable that CYT-19 unfolds it poorly and can therefore accelerate its formation from the kinetically trapped misfolded species.
